IntroDuctIon
Strong Brønsted acids (HX) accelerate a wide variety of important reactions by protonating neutral substrates and thereby enhancing their electrophilicity and therefore their reactivity toward nucleophiles (Nu−H) 1 . Although the simple proton (H + ) itself is not chiral, asymmetric induction in Brønsted acid-catalyzed reactions can be achieved through the design of strong acids with chiral conjugate bases (X* − ). Chiral phosphoric acids 2, 3 , N-triflyl phosphoramides 4 , aryl sulfonic acids 5 and Lewis acid-assisted strong Brønsted acids 6 are representative examples of chiral strong Brønsted acids 7 that have been developed successfully (Fig. 1a) .
The anion-binding properties of neutral, chiral H-bond donors [8] [9] [10] introduce an alternate strategy for asymmetric induction in strong Brønsted acid-catalyzed reactions (Fig. 1b) . In this scenario, a chiral H-bond donor, such as a urea derivative, can associate with a protonated substrate through the negatively charged conjugate base, and it may control the facial selectivity of subsequent nucleophilic addition reactions through appropriate noncovalent interactions in the resulting ion pair. This strategy was exploited successfully in the context of formal
[4+2] cycloadditions of N-aryl imines with electron-rich olefins, also known as the Povarov 11 reaction ( Fig. 2; refs. 12,13) This reaction is cocatalyzed by (R,R,R)-sulfinamide urea 1 (ref. 14) and o-nitrobenzenesulfonic acid (NBSA), and it affords tetrahydroquinolines with up to three contiguous stereogenic centers directly from simple achiral precursors. Alternative and complementary enantioselective variants of the Povarov reaction have also been uncovered recently using chiral Lewis acid 15 and phosphoric acid catalysts 16, 17 . In particular, highly enantioselective endoselective phosphoric acid-catalyzed Povarov reactions of N-arylbenzaldimine derivatives have been reported independently by Akiyama et al. 16 and by Zhu et al. 17 , whereas the protocol described here provides access to the exo diastereomers from analogous reacting partners.
Under optimized conditions, the asymmetric catalytic Povarov reaction was found to proceed effectively in cycloadditions of enamide 3 or ene-carbamate 4 with a wide variety of N-aryl imines (Fig. 3) . High levels of enantioselectivity were observed in reactions that were performed under cryogenic conditions with a 2:1 ratio of catalyst 1 to NBSA. Reactions of benzaldimines this protocol describes a method for the laboratory synthesis of enantiomerically enriched, chiral tetrahydroisoquinolines through the application of a chiral sulfinamido urea catalyst for the povarov reaction. tetrahydroisoquinolines are bicyclic organic frameworks present in a wide assortment of natural and synthetic biologically important compounds including martinelline, scoulerine and tubocurarine. the methodology involves the [4+2] cycloaddition of a N-arylimines with electron-rich olefins such as vinyl lactams and dihydropyrroles in the presence of a two-catalyst system consisting of an achiral strong Brønsted acid (o-nitrobenzenesulfonic acid), together with the chiral sulfinamido urea derivative 1. the anion-binding properties of the urea lead to the association of the ion pair that results from protonation of the imine substrate. cycloaddition is followed by spontaneous proton loss with re-aromatization to provide the tetrahydroisoquinoline products in highly enantio-enriched form. (Fig. 4) . Tricyclic hexahydropyrrolo-[3,2-c] quinolines 6 exo were obtained under the same conditions through the cyclization of N-Cbz-protected 2,3-dihydropyrrole 4 with 2 ( Fig. 3) . Although lower diastereoselectivities favoring the exo isomer were obtained in this reaction (6 exo /6 endo = 1.4-4.2:1), the exo product was generated in high ee (90-98% ee) and it could be isolated in diastereomerically pure form in useful yields (45-73%; Fig. 5) .
A very similar reaction protocol could be applied to highly enantioselective Povarov reactions between glyoxylate imines 7a or 7b with 2,3-dihydropyrrole 4 (Fig. 6a) . In this case, the catalytic reaction selectively affords the endo products (dr > 20:1, 95−97% ee). This transformation provides a direct route to the core tetrahydroquinoline structure of a variety of biologically active compounds, including martinelline (9, Fig. 6b ), a naturally occurring nonpeptide natural product that has been identified as a bradykinin B1 and B2 receptor antagonist [18] [19] [20] . An analogous reaction has also been applied successfully to the preparation of a 2,328-membered library of 2,3,4-trisubstituted tetrahydroquinolines (Fig. 6c) 13 .
Experimental design
The enantioselective Povarov reactions described herein have been carried out in the laboratory on a variety of scales ranging from 0.2 to 500 mmol. Careful removal and exclusion of moisture through the use of activated molecular sieves is particularly important in larger-scale reactions in order to obtain optimal product yields. As depicted in Figures 4 and 5 , the optimal reaction temperature for the Povarov step can vary from −30° to −60° depending on the imine substrate, and this parameter should be optimized when applying this methodology to new compounds.
The catalytic asymmetric synthesis of a pyrrolidinonesubstituted tetrahydroisoquinoline 5b and a tricyclic hexahydropyrrolo-[3,2-c]quinoline 8b are described in this protocol as two representative examples (Fig. 7) . The procedure starts with the two-part synthesis of catalyst 1 (Fig. 8 ). 
MaterIals

REAGENTS
Catalyst 1 was prepared by following the procedure described in Figure 8 and in Steps 15-28 of the PROCEDURE section, as adapted from the procedure in the literature 14 Compounds 2b, 4 and 7b were prepared in accordance with procedures from the literature [21] [22] [23] Compound 2b corresponds to 3d from http://pubs. 3| Separate the two phases in a 250-ml separatory funnel, and then wash the aqueous phase with dichloromethane (3 × 20 ml).
4|
Dry the combined organic phases with anhydrous sodium sulfate (10 g) and filter the mixture through a funnel lined with filter paper.
5|
Concentrate the filtrate in a 250-ml round-bottom flask by rotary evaporation to obtain crude (R,R)-1,2-diammoniumcyclohexane.
6|
Dissolve the crude (R,R)-1,2-diammoniumcyclohexane in 40 ml of dichloromethane and cool the solution to 0 °C.
7|
Add a solution of 3,5-bis(trifluoromethyl)phenyl isocyanate (2.5 g, 9.8 mmol) in dichloromethane (10 ml) using a syringe pump (2 ml/h).
8|
After the completion of addition, stir the solution at room temperature (23 °C) for 3 h, and then concentrate the solution by rotary evaporation.
9| Pack a chromatography column (4.0 cm inner diameter (i.d.) × 16 cm length) with silica gel (100 g) using a mixture of dichloromethane/methanol/aqueous ammonia (95:5:1, vol/vol/vol) as eluent.
10|
Dissolve the crude product in eluent (4 ml) and load it to the column.
11|
Elute the column using the mixture of DCM/methanol/aqueous ammonia (gradient from 95:5:1 to 90:10:1, vol/vol/vol).
12|
Analyze the contents of the collected fractions by TLC (DCM/methanol/aqueous ammonia, 90:10:1, vol/vol/vol); the R f of the product is ~0.1.
13|
Combine the fractions containing the product, dry the mixture with anhydrous sodium sulfate (50 g), filter it and concentrate the product by rotary evaporation.
14| Dry the product under high vacuum.  pause poInt The product can be stored at room temperature indefinitely. Step 1 1-((1R,2R)-2-amino-cyclohexyl)-3 -(3,5-bis-trifluoromethyl-phenyl)-urea
Step 2 CF 3 18| Stir the reaction mixture at −78 °C for 4 h, and then warm it up to room temperature slowly over a period of 7 h.
19|
Quench the reaction with methanol (5 ml), and remove the solvent using the rotary evaporator.
20| Dissolve the residue in ethyl acetate (20 ml), and wash the organic layer with 1N HCl (20 ml) and saturated NaHCO 3 aqueous solution (20 ml).
21| Dry the organic layer with anhydrous sodium sulfate (10 g) and filter with a filter funnel.
22|
Remove the solvent in the filtrate using the rotary evaporator.
23| Pack a chromatography column (4.0 cm i.d. × 16 cm length) with silica gel (100 g), using a mixture of DCM/methanol (99.25:0.75, vol/vol) as eluent.
24|
Dissolve the crude product in eluent (2 ml) and load it onto the column.
25|
Elute the column using the mixture of DCM/methanol (gradient from 99.25:0.75 to 97:3, vol/vol).
26|
Analyze the contents of the collected fractions by TLC (DCM/methanol, 95:5, vol/vol); R f of the product is found at 0.2.
27|
Combine the fractions containing the product and evaporate the solvent using a rotary evaporator.
28| Dry the product under high vacuum.  pause poInt The product is bench-stable and it can be stored at room temperature in a desiccator indefinitely.
reactions using catalyst 1 29| The catalyst can now be used to prepare 5b (option A) or 8b (option B). ? trouBlesHootInG  pause poInt The product is bench-stable and it can be stored at room temperature in a desiccator indefinitely.
? trouBlesHootInG low yield A low yield can result from acid-catalyzed imine hydrolysis due to adventitious water. As the commercially available NBSA exists in its hydrated form, freshly activated 5-Å molecular sieves should be used to achieve reproducibly high yields.
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